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Light emitters based on real-space transfer devices can be brought about by several mechanisms. The most efficient of these is the injection of minority electrons across a semiconductor heterojunction into a p-type collecting layer. So far, problems associated with the growth of p-type collecting layers have hindered efforts in this area. In this letter we report on light emission caused by the real-space transfer of majority electrons into an n-type collecting layer. We propose a mechanism to account for this light which consists of hole creation by impact ionization of real-space transferred electrons.
Several novel devices based on real-space transfer (RST) have been proposed' and built. ' The most significant of these has been the negative resistance field-effect transistor (NERFET) of Kastalsky et aL3 The NERFET has shown promise as a logic device, a microwave source, a memory element and most recently it has been proposed as an injector of minority carriers for electroluminescent devices.4 In this letter we show the results of initial efforts towards this goal.
The NERFET is a three terminal RST device consisting of a source, drain, and collector. A source-drain heating field excites channel carriers, causing them to realspace transfer into a biased collector as shown in Fig. 1 . The result is a region of negative differential resistance (NDR) in the drain circuit with a corresponding substantial charge injection into the collector. Several authors have described the operation of the NERFET, including digital applications, in some detail.sZ6 To date, the NERFET has been realized in two material systems; GaAs/AlGaAs (including devices with a pseudomorphic InGaAs channel ') and InP/InA1As/InGaAs.8
Drain current peak-to-valley ratios as high as 16O:l have been observed at room temperature in the AlGaAs system,' while room-temperature peak-to-peak valley ratios of 7OOO:l have been observed in InP/InGaAs.8 Molecular beam epitaxial (MBE) growth was used for the high peak-to-valley ratio InP/InGaAs devices but has generally proven unsatisfactory for the AlGaAs system. The previously mentioned high peak-tovalley ratio in GaAs/AlGaAs was for metalorganic chemical vapor deposition (MOCVD) material. This is primarily a result of the critical transport interface in the NERFET being the top interface of the AlGaAs barrier; MBE grown material has typically shown a high degree of morphology disorder at this interface." Since the barrier layer extends under the source, the entire source-collector voltage is dropped across the barrier in this region, resulting in electric fields in excess of 400 000 V/cm. Any defects in the top interface of the barrier can cause large leakage currents of source electrons tunneling directly through the barrier into the collector, competing with any RST current component. This effect is clearly seen in the I-V characteristic of Fig. 2 . Note that the drain current actually goes negative at low drain bias. This is the same leakage problem as described above, except that increasing the drain bias to approximately 1.5 V turns it off. As the drain bias is increased from 0 to 1.5 V, there is a corresponding decrease in the collector current until it hits a minimum of 14.9 mA at V,= 1.5 V. This current is due entirely to the source collector junction. Since this junction is under a static bias in our experiment (source grounded, collector at + 13.2 V), this substrate leakage current is always present. This problem has generally limited significant RST in MBE grown AlGaAs barrier devices to the lowtemperature operating regime, where source leakage due to tunneling is inhibited.
One of the more interesting and potentially useful features of the NERFET is the fact that two terminals (the source and drain) are used to inject channel carriers into a collector region (often the substrate) over a wide range of collector bias. While present devices have been primarily limited to majority electron injection into n-type collectors, with limited examples of hole injection,*' there exists the possibility of minority-carrier injection. Since the RST of electrons is more efficient than that of holes," we can only practically consider the case of minority electrons injected into a p-type collector. Several structural variations of a light emitter based on this concept have been previously discussed by Luryi.4 AuIGcIIAQ ohmic contact In this letter, we report on the observation of light emission from majority-carrier devices. Epitaxial growth was performed with on-axis (100) orientation GaAs:Si subst?te having a net donor concentration of 1 x 10"
The entire device structure was grown at 600 "C zi consists of a 5000 A GaAs:Si buffer layer (1 x lOI cme3), a 1000 A GaAs:Si spacer layer (1~10'~ cma3), and a 2000 w undoped Alo.sGa,,sAs barrier layer followed by a 2000 A undoped GaAs channel layer. To improve the quality of the top GaAs/AlGaAs interface where the conduction channel is located, (Ah,G%,,As) l,,/(GaAs) 1 short-period superlattices with growth interruptions were used. Using this method, extremely high mobility has been observed in inverted selectively doped GaAs/AlGaAs heterojunctions." 500 pm wide devices were then defined using standard photolithographic techniques. All testing was done in a low-temperature vacuum chamber microprobe with optical window access to a photomultiplier tube for the light measurements.
While these devices are structurally similar to earlier AlGaAs NERFETs,' they differ in one important respect; there is a 1000 A lightly doped GaAs layer located directly beneath the barrier.s We will refer to this layer as the spacer layer. The additional potential drop across this spacer layer increases the required substrate voltage for RST. The conduction band diagram for this structure under bias is shown in Fig. 3 . This extra potential has the net effect of raising the substrate threshold voltage for drain circuit NDR to approximately 12 V from the typically observed 8 V in a device without a spacer layer. This can be seen in the 1-V results of Fig. 4 . This potential drop also provides additional energy to the RST electrons which subsequently impact ionize in the spacer layer. Monte Carlo simulation has shown that for equivalent electric field strengths, impact ionization is significantly enhanced when electrons are injected across a conduction band offset from a wide band-gap region into a narrow band-gap gap region compared to the ionization rate of the low band-gap region alone.13 This enhanced rate situation occurs in our NERFET when the RST electrons travel across the barrier into the spacer layer. The subsequent recombination of holes created by this process produces a measurable amount of light. The light we observed was not emission from the mesa sidewall but rather light emitted from the top surface of the wafer in the narrow stripe defined by the channel. This light was observed at room temperature, but low-temperature operation greatly increases its intensity. The light present at low drain bias is due to source and drain leakage, as explained in the text. The decreasing light output at higher bias is believed to be the result of heating effects at higher drain voltages.
At 150 K, the light coming from the source-drain gap was easily visible with the unaided eye. Figure 4 provides a trace of light output and collector current versus drain voltage. By comparing the light and collector current traces of Fig. 4 , one can see that except for a small amount of light at low drain bias attributed to Ieakage current, the light output intensity is proportional to collector current. It is important to note that the leakage current creates a measurable amount of light by the same mechanism as outlined above. While easily visible from the side of the device, this light is effectively blocked from our detector (located above the device) by the metallic source and drain contacts. Therefore the detected light is predominantly that which is emitted from the source-drain gap. Note that this light output saturates when the RST process begins to saturate at approximately 3.5 V on the drain. This indicates that the light is due to RST current rather than the competing effect of impact ionization in the channel. While the coincidence of a sudden increase in substrate current and a sudden decrease in drain current at VD=2 V indicates that a high field domain is being created in the channel, we &ill believe that the dominant source of the light is the RST mechanism outlined above. If channel impact ionization dominated, the light would continue to increase as drain bias (and thereby the spatial extent of the high field domain) increased. In addition to the correlation between substrate current and light emission, ensemble Monte Carlo simulations of NERF'ETs by Kizilyalli and HessI have shown that for AlGaAs barriers the number of electrons which gain enough energy to impact ionize while still in the channel region is negligible. The creation of electron-hole pairs in the collector by impact ionization poses several interesting questions. If a significant number of holes are being created, some of them may drift in the spacer layer until they are trapped at the valence band offset located at the bottom (collector side) of the barrier. This positive charge would then screen the electric field in the spacer layer and correspondingly increase the field in the barrier in the area of RST. Eventually, this suppression of the electric field in the undoped layer would reduce impact ionization and in that way the effect would be self limiting. Several authors have felt that accumulated negative charge in the barrier and collector may play a role in NERFET operation;* this particular structure may also have features in the I-V characteristic which are due to accumulation of positive charge.
In conclusion, we have demonstrated that a three terminal light emitter based on the real-space transfer of electrons is possible. Since the light was produced by the inefficient process of impact ionization, we feel that if a p-type collector can be successfully substituted for an n-type collector, thereby giving true minority carrier injection, the resulting device should be a much more efficient light emitter, with laser operation conceivable.
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